Abstract Resident bacteria in the densely populated human intestinal tract must efficiently compete for carbohydrate nutrition. The Bacteroidetes, a dominant bacterial phylum in the mammalian gut, encode a plethora of discrete polysaccharide utilization loci (PULs) that are selectively activated to facilitate glycan capture at the cell surface. The most well-studied PUL-encoded glycan-uptake system is the starch utilization system (Sus) of Bacteroides thetaiotaomicron. The Sus includes the requisite proteins for binding and degrading starch at the surface of the cell preceding oligosaccharide transport across the outer membrane for further depolymerization to glucose in the periplasm. All mammalian gut Bacteroidetes possess analogous Sus-like systems that target numerous diverse glycans. In this review, we discuss what is known about the eight Sus proteins of B. thetaiotaomicron that define the Sus-like paradigm of nutrient acquisition that is exclusive to the Gram-negative Bacteroidetes. We emphasize the well-characterized outer membrane proteins SusDEF and the a-amylase SusG, each of which have unique structural features that allow them to interact with starch on the cell surface. Despite the apparent redundancy in starch-binding sites among these proteins, each has a distinct role during starch catabolism. Additionally, we consider what is known about how these proteins dynamically interact and cooperate in the membrane and propose a model for the formation of the Sus outer membrane complex.
Introduction
The consortium of bacteria that inhabit the mammalian gastrointestinal tract has a profound influence on host development and health [1] [2] [3] [4] . A notable function of these microbes is the digestion and fermentation of both endogenous (i.e., host derived) and dietary carbohydrates into short chain fatty acids that offer a physiological benefit to the host [2, 5] . The bacteria that have adapted to persist and thrive in this densely populated ecosystem have evolved efficient strategies to harvest glycans, and it is the competition and synergy among species for their preferred glycans that drive the diet-dependent changes observed in the gut community structure [6] [7] [8] [9] .
Starch is produced by plants as an energy storage compound and is the dominant carbohydrate component of most Western style diets. It is produced by the plants as granules made up of two polymers of glucose, the linear a(1,4)-linked amylose and the branched amylopectin with an a(1,4)-linked backbone and a(1,6) branch points [10] . A recent analysis of the glycolytic potential encoded within the genomes of gut bacteria using the Carbohydrate-Active enZYme (CAZy) database (www.CAZy.org) reflected that genes encoding starch-processing enzymes from the glycoside hydrolase family 13 (GH13) are among the most represented in the microbiota [11] . This broad potential for starch utilization is distributed among the Bacteroidetes, Firmicutes, and Actinobacteria, the three most abundant phyla of gut bacteria. Humans are able to efficiently process most starch and it is only the resistant starch fraction of a more crystalline nature which survives transit to the large intestine where it is exposed to the gut microbiota [12] . The ability of these organisms to each thrive on specific forms of starch (e.g., complex resistant starch granules, soluble maltooligosaccharides, and amylopectin) is dependent upon both the specific activity of their GH13 enzymes and the types of glycan-uptake systems that work in concert with these enzymes. The enzymes used by the microbiota for starch degradation fall into three broad classes: amylases/neopullulanases that act upon the a(1,4)-linkages, pullulanases that act upon the a(1,6)-linkages, and a-glucosidases that act upon both types of linkages releasing glucose, typically from oligosaccharides [13] . To study these enzymes a variety of model substrates are used. This includes isolated amylose, amylopectin and maltooligosaccharides, pullulan, an a(1,6)-linked maltotriose polysaccharide, and cyclodextrins which are circularized oligosaccharides that mimic the helical shape of amylose and amylopectin (see summary in Table 1 ).
In addition to the diversity of enzymes complements employed, the strategies used to capture hydrolyzed starch in the gut are a function of the unique physiology of the respective microorganisms [14] [15] [16] [17] . The Gram-positive Firmicutes and Actinobacteria take up monosaccharides and oligosaccharides via a variety of transport systems including ATP-binding cassette transporters, major facilitator superfamily, and phosphotransferase systems [18, 19] . Many of these transporters are encoded within putative operons that include one or more extracellular GH13 enzymes to hydrolyze starch at the cell surface [14, 17, 20] . In contrast, the genomes of most Bacteroidetes, the dominant Gram-negative phylum in the mammalian gut, have far fewer of these classically studied carbohydrateuptake systems [21] . Rather the Bacteroidetes package their glycolytic potential within discrete gene clusters termed polysaccharide utilization loci (PUL) that encode glycoside hydrolases, glycan-binding proteins and a TonBdependent transporter [15] . These PUL-encoded proteins work together in the outer membrane to capture and transport glycans, including starch.
Abigail Salyers' seminal work on the carbohydrate-degrading phenotypes of human gut Bacteroides species laid the foundation for the modern study of this clade of bacteria. One of Salyers' first studies revealed that 22 isolates of Bacteroides thetaiotaomicron shared the ability to grow on amylose and amylopectin [22] . Further investigation of starch utilization by B. thetaiotaomicron VPI-5482 revealed that starch-binding to the cell surface was a prerequisite to growth on starch, and was mediated by several proteins in the outer membrane [23] . Through their efforts to determine the molecular basis of starch utilization, the Salyers lab identified the first PUL, an eight-gene cluster in B. thetaiotaomicron 2 that encodes all of the required proteins for starch adherence to the cell, as well as a surface amylase and TonB-dependent transporter to coordinate starch hydrolysis with maltooligosaccharide import into the cell (Fig. 1 ). This gene cluster was named the starch utilization system (Sus) for its apparent function, and is composed of susRABCDEFG [24, 25] . SusR is an inner membrane-spanning sensor/regulator protein that recognizes maltose, a disaccharide of glucose, in the Cyclodextrins Cyclic oligosaccharides of a(1,4)-linked glucose that mimic the curvature of a starch helix. The extent of this curvature, and similarly the molecule's constrained geometry, decreases as the number of glucoses in the oligosaccharide increases. Most commonly used cyclodextrins include a-cyclodextrin and b-cyclodextrin that contain six and seven glucose residues, respectively, because of their similarity to the curvature of a starch helix
Resistant starch (RS) Starch that is impervious to degradation by human dietary amylases due to inaccessibility, crystallinity, chemical modifications, or complex formation with lipids. RS becomes available to colonic microorganisms that are either equipped with the molecular machinery to degrade RS themselves or are available to crossfeed from RS-degrading organisms periplasm and triggers the rapid upregulation of the sus genes [25] . The outer membrane lipoproteins SusDEF facilitate the binding of starch to the cell surface, and bound starch is then hydrolyzed by the a-amylase SusG [26] [27] [28] . The resulting maltooligosaccharides are shuttled into the periplasm via SusC, a TonB-dependent transporter [29] , and further depolymerized by the neopullulanase SusA and a-glucosidase SusB [30, 31] . A decade or more after Salyers' discovery, bacterial genome sequencing revealed that all gut Bacteroidetes possess PULs, and each PUL confers the ability to grow on a different glycan [15, 32] . All PULs encode homologues of the proteins SusCD, glycan-binding lipoproteins akin to SusEF, and a cadre of glycoside hydrolases for the utilization of a distinct glycan [15] . Based upon this commonality, all PUL-encoded proteins are believed to form a ''Sus-like'' system of proteins in the outer membrane that work together to target a specific glycan. PULs encoding Sus-like systems have been identified for the uptake of diverse substrates such as xyloglucan, arabinoxylan, a-mannan, inulin, and porphyran, among others [33] [34] [35] [36] [37] [38] [39] . Organisms such as B. thetaiotaomicron and Bacteroides ovatus dedicate *18 % of their genomes to PULs, highlighting the importance of the PUL-encoded glycan uptake strategy to the adaptation of these organisms to the gut [39] . The repertoire of different PULs encoded by an organism dictates the metabolic lifestyle of the bacterium in the gut [39, 40] .
The Sus of B. thetaiotaomicron remains the best-studied PUL-encoded glycan uptake system to date, and is often the prototypical system by which the function of homologous PUL-encoded proteins are compared or inferred. Here we summarize the structural and functional work to date on the Sus proteins of B. thetaiotaomicron VPI-5482, with a particular focus on the outer membrane proteins SusDEFG. These are not only the most well-characterized proteins in the system, but together they exemplify the molecular strategy that the Bacteroidetes utilize to sense and acquire carbohydrate nutrition. These studies have shaped a general model of the ''Sus-like'' paradigm that dominates glycan catabolism by the mammalian gut Bacteroidetes.
SusD: an a-helical carbohydrate-binding protein Starch adherence to the cell surface is the first step in starch utilization by B. thetaiotaomicron [23] . Salyers and colleagues used a polar insertion at susE (XsusE) to create B. thetaiotaomicron that expressed only SusC and SusD, and noted that this mutant bound radioactively labeled starch at *70 % the levels of wild-type cells. This strain grew normally on starch if complemented with SusG (XsusE::-susG) [27] . However, neither SusC nor SusD alone could drive starch adsorption, as B. thetaiotaomicron cells expressing only one of these two proteins displayed barely detectable levels of starch-binding [41] . Furthermore, thetaiotaomicron. The sus locus is transcribed from two divergent promoters. Transcription of susR occurs independently from the rest of the locus, which allows the inner membrane-spanning protein SusR to sense the disaccharide inducer, maltose, in the periplasm and subsequently drive the transcription of susABCDEFG. Starch is bound to the surface of the cell by the starch-binding outer membrane lipoproteins SusDEF. Subsequent hydrolysis by a similarly membrane-tethered a-amylase, SusG, generates oligosaccharides small enough to transit through the TonB-dependent transporter. Once in the periplasm, SusA and SusB, a neopullulanase and a-glucosidase, respectively, process oligosaccharides into glucose. The monosaccharide is then shuttled into the cytoplasm by an unknown transporter. The stoichiometry and assembly of the Sus is unknown
The Sus operon: a model system for starch uptake by the human gut Bacteroidetes 2605 while neither isolated SusC nor SusD protein bound to amylose resin, mixing of the proteins prior to incubation with amylose resin resulted in the retention of both proteins [26] . The adaptation of a TonB-dependent transporter, a family of proteins historically associated with iron uptake, for starch utilization as well as the requirement of the coreceptor protein SusD marked two novel features of this system. While SusD aids in starch-binding to the cell surface, it has no amino acid sequence similarity to known carbohydrate-binding modules (CBMs), and is notably larger (65 kDa) than any carbohydrate-binding protein. However, bacterial genome sequencing revealed the ubiquitous inclusion of homologs of susD as well as susC within all PULs of the gut Bacteroidetes, suggesting a conserved function for the encoded proteins in glycan uptake [38] . The crystal structure of SusD revealed an abundance of ahelices, with a single starch-binding site [42] . SusD is tethered to the outer membrane via a lipidated N-terminal cysteine preceded by a 16-residue flexible linker, effectively projecting the protein above the surface of the membrane like a balloon on a string. (As discussed in later sections, lipidation followed by a flexible linker is a conserved feature of SusEFG as well). The most definitive feature of SusD and its homologs is the conservation of four helix-turn-helix motifs known as tetratricopeptide repeats (TPR), that form a right-handed superhelix along one face of the protein [43, 44] (Fig. 2a , in darker colors). TPR motifs are ubiquitous in nature and most commonly support protein complex formation by serving as a site for protein-protein interactions [44] . The TPR portion of SusD-like proteins is almost structurally invariant and serves as a scaffold for the more variable remainder of the protein that includes the ligand-binding site [43] .
The starch-binding site of SusD is a shallow pocket containing an arc of aromatic amino acids that complement the shape of an amylose helix [42] . The crystal structure of SusD with maltoheptaose reveals these residues as W96, W320, and Y296, with hydrogen bonding of the O2 and O3 hydroxyls of adjacent glucose residues via the side chains of R81 and N101 [42] (Fig. 2b) . These molecular determinants of starch recognition are shared with most starchbinding CBMs [45, 46] , as well as the surface starchbinding sites of some GH13 enzymes [47, 48] . Thus, the glycan-binding site of SusD may be an example of convergent evolution whereby proteins of distinct evolutionary lineage and hence structure evolve similar functions [49] . A unique feature of maltooligosaccharide recognition by a Superposition of SusD (blue, PDB 3CK9) with bound maltoheptaose (blue sticks) and the SusD homolog BT1043 (gray, PDB 3EHN) that targets mucosal glycans with bound N-acetyllactosamine (black sticks). The conservation of the eight tetratricopeptide repeat helices is highlighted in darker colors for both proteins. The RMSD for these proteins is 2.8 Å over 324 aligned residues (12.6 % sequence identity). b Superposition of the structure of SusD with bound maltoheptaose (blue) and maltotriose (pink), highlighting the plasticity within the binding site. Residues that move upon binding of a longer a-glucan are in bold print. c SusD crystallized with acyclodextrin revealed protein dimerization. The affinity of starchbinding to the cell surface may be enhanced by an avidity effect, whereby multiple SusD proteins cooperate to bind the polymer SusD is the flexibility of two loops near the binding cleft, one of which includes Y296 that is part of the aromatic arc. The crystal structure of SusD with maltotriose suggests that glycan binding is initiated at W98 and W320, followed by a shift in these two flexible loops, one of which moves away from the binding site to allow Y296 to shift into position. This plasticity in the binding site of SusD may allow the flexible recognition of the a-glucan helix in the context of naturally occurring a(1,6)-branching.
The affinity of SusD for maltoheptaose (K D * 1.0 mM) is much worse than most starch-binding CBMs that recognize maltoheptaose with low lM affinity [50] [51] [52] . Moreover, SusD displays negligible affinity for maltopentaose, and no detectable recognition of smaller sugars [42] . The binding affinity of SusD is akin to the surface starchbinding site of barley a-amylase [53] , or that of the lowaffinity starch-binding CBM45 family [54] . However, SusD binds b-cyclodextrin with a K D * 0.15 mM, highlighting that this protein is more adapted to recognize a constrained helical structure such as a starch polymer over a flexible oligosaccharide [42] . At the cell surface, it is unknown how the interaction of SusD with SusC influences the cell's affinity for starch and maltooligosaccharides. The crystal structure of SusD with a-cyclodextrin displayed a glycan-induced dimerization, which hints at the potential of multiple SusDs to interact with a single ligand [42] (Fig. 2c) . Such an avidity effect could enhance the ability of SusD to facilitate starch-binding to the cell surface. Another possibility is that SusC increases the affinity of SusD for starch, either by inducing a conformational change in SusD that enhances binding, or by extending the protein-carbohydrate interaction in a complex between the two proteins [27] .
Despite its relatively weak affinity for its ligand, SusD has a critical role in starch utilization: cells with an inframe deletion of susD (DsusD) cannot grow on starch or maltooligosaccharides larger than maltopentaose, and display an intermediate growth phenotype on maltopentaose and maltotetraose [42] . The Sus proteins are dispensable for growth on maltotriose and maltose, which presumably enter the outer membrane via a non-specific porin [24] . More recent work following the discovery of SusE and SusF as additional starch-binding proteins has revealed that the importance of SusD may extend beyond its ability to bind starch, as detailed in a later section.
SusG is a novel GH13 amylase required for starch utilization
Bacterial growth on polysaccharides including starch requires cell surface or extracellular glycoside hydrolases to break down the polymer into oligosaccharides that can be transported into the cell [55] . In B. thetaiotaomicron, SusG is the only cell surface amylase that is required for growth on starch [28] . Like SusD, SusG is tethered to the surface at an N-terminal cysteine followed by a 20 residue flexible linker before the first b-strand is formed [56] . While SusG displays the typical GH13 amylase family protein fold comprised of A, B, and C domains, a CBM58 is uniquely inserted within the B-domain sequence (Fig. 3a , CBM in pink) [56] . The CBM58 is extended from the rest of the catalytic domain via two short b-strands and does not interact with the rest of the protein, creating an overall bilobed appearance. The unique placement of this CBM within the catalytic fold contrasts with the typical Nor C-terminal placement of a starch-binding CBM within GH13 enzymes where the CBM can pack against the catalytic domain, sometimes shaping the active site or allowing dimerization [57] [58] [59] [60] .
The crystal structure of the catalytically inactive D498 N mutant of SusG with maltoheptaose revealed ligand binding to the CBM58, the active site, and an unexpected surface starch-binding site (SBS) adjacent to the active site [56] . Maltoheptaose binding at CBM58 is 45 Å away and on the opposite side of the protein from the active site, while maltoheptaose bound at the SBS is *5 Å from a glucose residue of maltoheptaose sitting at the ?2 subsite (Fig. 3b) . That the SBS is distinct from the active site is demonstrated by the opposite orientation of the maltoheptaose molecules bound at the two sites: the reducing ends of each chain are directed towards each other. This orientation also makes it unlikely that a discrete starch helix can interact with both sites simultaneously.
Both CBMs and SBSs provide a proximity effect by localizing the starch polymer near the catalytic site to enhance catalysis [61, 62] . While both sites display the canonical dual aromatic residue platform that recognizes the shape of the a(1,4)-linked glucan, the manner in which maltooligosaccharide is bound at both sites is different. At CBM58, maltoheptaose is bound with the pitch of the helix parallel to the surface of the protein, whereas maltoheptaose at the surface starch-binding site is directed with the pitch of the helix into the plane of the protein. This difference in binding may differentiate the utility of these sites for starch utilization by B. thetaiotaomicron. We initially hypothesized that elimination of the SBS via sitedirected mutagenesis would enhance catalysis, allowing a starch polymer better access to the catalytic site. However, the elimination of glycan binding at the SBS did not significantly affect activity on the colorimetric substrate p nitrophenol-maltohexaose, or soluble amylopectin and pullulan, but did reduce activity on insoluble corn starch, demonstrating that this site is important for the recognition of an insoluble substrate. When CBM58 was deleted from the enzyme, the activity of the enzyme against insoluble substrates decreased, but activity towards soluble amylopectin increased by threefold. While these data demonstrate that the CBM58 enhances the enzyme's ability to localize to an insoluble starch molecule B. thetaiotaomicron in pure culture cannot grow on insoluble starch such as resistant starch [63] . Therefore, in the context of growth, CBM58 may have a different role in starch utilization, perhaps by helping to sequester oligosaccharides released by the active site, or in passing these sugars on to the SusCD complex.
To the best of our knowledge, SusG is the only GH13 with a CBM inserted within the catalytic domain. However, this interrupted domain structure was first noted in rumen Prevotella ruminicola GH10 xylanases [64] and more recently in the GH10 xylanases from B. ovatus [34] and B. intestinalis [65] . While the full-length protein structures of these GH10 enzymes have not been determined we hypothesize that like SusG, the CBMs are simply appended from the catalytic domain with minimal disruption of the GH10 protein fold. In many GH13 enzymes that have one or more CBMs, the CBM is located at the N-or C-terminus and in some cases facilitates dimerization, with the CBM shaping the catalytic cleft of the neighboring polypeptide [57] [58] [59] [60] . In SusG, the remote location of CBM58 relative to the active site permits a wider catalytic cleft, a feature that may contribute to the enzyme's broad activity towards amylopectin, pullulan, amylose, maltooligosaccharides, and to a much lesser extent, cyclodextrins [28, 56] . Pullulan degradation by SusG produces panose, and this product reflects the unique ability of SusG's active site to accommodate a(1,6) glycosidic bonds while still solely acting on a(1,4) linkages [56] . This flexible recognition of various a-glucans may reflect the adaptation of B. thetaiotaomicron's single extracellular GH13 to support growth on a variety of glycan structures that the cell 
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Maltoheptaose at the surface-binding site Fig. 3 SusG is an amylase with a unique CBM insertion. might encounter in a human diet consisting of starch from various sources. Excluding its CBM58, SusG is most similar in sequence and structure to the Halothermothrix orenii AmyA, a member of the GH13_36 subfamily that features enzymes that have amylase activity against a(1,6) containing glucans [66, 67] . The active site of SusG is typical of endoamylases that hydrolyze endogenous a(1,4) glycosidic bonds using an acid-base double displacement mechanism [68] . In the crystal structure of a catalytically inactive SusG mutant (D498 N), maltoheptaose occupies subsites -4 through ?3 via an extensive network of direct hydrogen bonding between the O2 and O3 hydroxyls of glucose and polar side chains lining the active site [56] (Fig. 3b) . Aromatic stacking between H112 and Glc at the -2 subsite and between Y114 and Glc4 at the -1 subsite likely helps position the chain for efficient hydrolysis. D388 is positioned for nucleophilic attack on the C1 of Glc4; our structure of the active enzyme with acarbose captured this b-glucosyl-D388 covalent intermediate [56] . E431 interacts with the O4 of Glc3, acting as the catalytic acid to protonate the leaving oligosaccharide and activating water to split the b-glucosyl-D388 intermediate. D498 is likely important in stabilizing this intermediate [69] .
The products liberated from complete starch degradation by SusG in vitro are glucose and maltose [56] , yet B. thetaiotaomicron does not require SusC or SusD to grow on glucose and maltose. This disparity suggests that SusC and SusD have been maintained throughout this organism's evolution because they are required to import oligosaccharides larger than di-or mono-saccharides. It is possible that in the context of the other Sus proteins at the cell surface, SusG liberates maltooligosaccharides larger than di-or mono-saccharides. While the typical size of the glycan that traverses the SusC porin is unknown, growth on maltoheptaose requires SusC and SusD, but not SusG [70] , suggesting that maltooligosaccharides at least seven glucose units long can pass through the porin. How SusC works together with SusDEFG to import a-glucans remains a current area of investigation. It has been suggested that the SusC-like proteins from PULs that target chondroitin sulfate [71] , xylan [34] and a-mannan [35] also transport larger fragments of their cognate glycan.
The a-glucans that arrive in the periplasm are processed by the neopullulanase SusA and the a-glucosidase SusB to yield glucose, which is imported via an undefined inner membrane transporter [23, 30, 72] . SusA and SusB are essential for starch utilization, and together account for most of the starch-degrading activity from whole-cell lysates compared to SusG alone [28, 31] . The crystal structure of SusB revealed that this GH97 enzyme hydrolyzes maltooligosaccharides via an inverting mechanism, yielding b-D-glucose as a product, which contrasts with the typical retaining mechanism within this glycosidase family of enzymes [73] . SusG has a relatively low affinity for starch (K m * 3.1 mM) compared to SusA (K m * 0.125 -mM) [28] . The discrepancy between these two enzyme affinities may reflect SusG's dependence on the starchbinding proteins SusDEF to bring starch within proximity of its active site, or perhaps SusG has evolved to act broadly on a variety of starch substrates at the expense of retaining high specific affinity for one substrate.
SusE and SusF bind starch via multiple carbohydrate-binding domains
Initial work by the Salyers lab established that SusCD mediate the majority of starch-binding to the cell surface, and comprise together with SusG the ''minimal Sus'' required for B. thetaiotaomicron growth on starch [26, 27] . Conflicting data suggested that the two remaining lipoproteins encoded within the sus operon, SusE and SusF, enhance starch-binding to the cell surface, although their amino acid sequences did not imply a function for these proteins in glycan capture [26] . Genome sequencing later revealed the presence of genes encoding such ''putative lipoproteins'' within most PULs of B. thetaiotaomicron and B. ovatus [39] , as well as the majority of human gutadapted Bacteroidetes hinting at a conserved function for these proteins within PUL-encoded Sus-like systems [15] . SusE and SusF belong to one of the most overrepresented protein families within the human gut microbiome, and the enrichment of these types of proteins in this niche underscore their functional importance to these bacteria [74] .
The crystal structures of SusE and SusF reveal a multimodular structure comprised of a tandem array of immunoglobulin (Ig)-like folds that bind starch in a manner quite reminiscent of starch-targeting CBMs [75] (Fig. 4a,  b) . SusF contains an N-terminal Ig-like fold proceeded by three b-sandwich domains-Fa, Fb, and Fc-arranged in an S-like configuration (Fig. 4b) [46] . The placement of a proline residue at the midpoint between consecutive domains suggests a lack of conformational flexibility along the length of the protein. SusF is tethered to the membrane via a lipidated cysteine followed by 18 amino acids that create a flexible linker, but the rigidity of the folded protein may help project it off of the membrane to facilitate starch capture. In contrast, SusE has only two starch-binding domains-Eb and Ec, which are similar to the Fb and Fc domains of SusF-and an N-terminal Ig-like domain that was not observed in the electron density (Fig. 4a, c) . A prediction of the SusE N-terminal domain structure suggests it is similar to that of SusF, with a longer, flexible linker between the N-terminal and Eb domains (see model in Fig. 5 ). The N-terminal domains of SusE and SusF do not contribute to starch-binding [75] . In both proteins, the final two C-terminal domains are packed in a back-to-back arrangement via a hydrophobic interface. The individual starch-binding domains of SusE and SusF share the most structural homology with the X25 domain of Bacillus acidopullyticus pullulanase [76] (Fig. 4d) . While the crystal structure of this pullulanase with oligosaccharide did not reveal the X25 domain as a CBM, a superposition of the X25 domain with the SusE/F domains reveals conservation of the starch-binding residues, suggesting that this X25 may bind glycan (Fig. 4e ).
SusE and SusF are not described as CBMs as this would conflict with the definition of a CBM as a domain appended to a carbohydrate-active enzyme. However, although SusE and SusF are independent proteins physically separate from the a-amylase SusG, they may provide a similar functionality to a traditional CBM in the context of the Sus. The design of the Sus outer membrane protein complex, whereby glycan capture and carbohydrate degradation is spread over multiple polypeptides, is vaguely reminiscent of the cellulosomal architecture [27] . Cellulosomes are multiprotein structures comprised of enzymes and some residues 161-270 of PDB 2WAN) from the Bacillus acidopullulyticus pullulanase [76] . e Close-up of the starch-binding sites in Eb and Fb from the overlay in panel d, demonstrating that these residues are conserved within the X25 module of the pullulanase (PDB 2WAN). Residues and labels are colored as in panel d, and the portion of the acyclodextrin bound to Eb is displayed as transparent orange and red sticks. f Overlay of the two positions that maltoheptaose occupied at the Ec binding site of SusE (PDB 4FCH), demonstrating how a longer single-helical stretch of amylose could be accommodated distinct CBMs that assemble into a complex for efficient cellulose deconstruction [77, 78] and a similar system for starch hydrolysis has recently been identified in the Firmicute Ruminococcus bromii [16] . The cellulosome is held together by a system of complementary protein-protein interaction domains called cohesins and dockerins, motifs that are not found in the Sus. However, Salyers and others have demonstrated that proteins within Sus and Sus-like systems also interact [27, 79, 80] .
The five starch-binding domains shared between SusE and SusF display a similar starch-binding architecture featuring two aromatic amino acids that provide a hydrophobic interface for a-glucan binding, plus additional residues that hydrogen-bond with the hydroxyl groups of the glucose residues to stabilize the interaction (Table 2 ). Subtle differences in the arrangement of glycan-binding residues likely explains the somewhat different affinities of each domain for maltoheptaose versus a-cyclodextrin (Table 2 ) [75] . All of the SusEF domains show weaker binding for glucosyl-a(1,6)-maltotriosyl-a(1,6)-maltotriose (GMM), a linear oligosaccharide of pullulan, compared to maltoheptaose suggesting that SusE and SusF have not been adapted for a(1,6) recognition. The most divergent domain between SusE and SusF is Ec, which displays the highest affinity for maltoligosaccharides. In this domain a loop within this binding site defined by residues 353-357 caps one end of the a-glucan binding site. In this crystal structure, maltoheptaose was shared across a crystallographic symmetry axis between chain A from one asymmetric unit and chain B from another. Superposition of these chains simulated a 10-glucose long maltooligosaccharide that is wound up and over this capping loop (Fig. 4f) . We suggest that this binding site has been adapted to preferentially recognize single-helical regions of starch, a feature that may help the Sus complex to target Ribbon diagrams of the crystal structures and homology models for the seven Sus proteins involved in starch utilization in B. thetaiotaomicron, colored as in Fig. 1 . The flexible amino acid sequences that link SusDEFG to the membrane are depicted as a black wavy lines, as these residues were not resolved in the crystal structures. SusG (PDB 3K8L) dynamically interacts with SusD (PDB 3CK9) and SusC (ITASSER structure prediction [85, 86] ). SusE (PDB 4FEM;
ITASSER prediction of the N-terminal domain, with modeling of the linker sequence) and SusF (PDB 4FE9) may directly interact with each other and with the SusCD complex, as suggested by Salyers [27] . Maltooligosaccharides are transported through the SusC TonBdependent transporter where they are further hydrolyzed to glucose by the action of SusB (PDB 2JKA) and SusA (model from Modpipe [87] using template PDB 3DHU). Maltooligosaccharides and glucose are depicted as black and red sticks
The Sus operon: a model system for starch uptake by the human gut Bacteroidetes 2611 partially denatured regions of starch that could be more easily hydrolyzed by SusG. Interestingly, despite the tandem arrangement of starchbinding domains in both SusE and SusF, only the domains of SusE synergize and display enhanced binding to insoluble corn starch via an avidity effect; SusE mutants with a single functional domain display greatly decreased binding [75] . In comparison, the native full-length SusF protein binds insoluble cornstarch nearly as well as a site-directed mutant possessing only a functional Fc domain (i.e., both the Fa and Fb sites were ablated) [75] . Thus the individual domains of SusF do not appear to enhance overall protein binding to starch, but rather the Fc domain is largely responsible for the SusF starch-binding affinity. Although there are distinct structural and biochemical differences between SusE and SusF, it is not yet clear what functional differences these proteins have in the context of the Sus or B. thetaiotaomicron's ability to utilize starch in the gut.
Differentiating the roles of the SusDEFG starchbinding sites in starch utilization
Among SusDEFG there are eight starch-binding sites present on the surface of B. thetaiotaomicron, yet the roles of these sites within the Sus are distinct. The most critical starch-binding protein is SusD, as an in-frame deletion of susD (DsusD) results in the loss of growth on starch [42] . In this mutant, transcription of susEFG occurs at wild-type levels, supporting the hypothesis that the growth defect is due to the loss of SusD, and presumably, the loss of starchbinding to the cell surface conferred by SusD.
At the time that we created the DsusD strain, we did not know that SusEFG also possessed starch-binding domains. To determine if the loss of growth on starch in the DsusD strain was due to the loss of starch-binding by SusD, we compared the growth of the DsusD to a DsusD strain complemented with the allele for SusD* (DsusD::susD*), a site-directed mutant of the SusD binding site that eliminates starch-binding in vitro [70] . The DsusD::susD* cells grow on starch (5 mg/ml) when sus transcription is activated by the addition of a small amount of maltose (0.5 mg/ml) to the media. Furthermore, DsusD::susD* cells can grow on maltoheptaose with wild-type growth kinetics and without the need for maltose induction in contrast to DsusD cells. We concluded from these experiments that the presence of SusD was essential for growth on starch, although a SusD that also binds starch facilitates more efficient growth without the need for transcriptional activation by maltose. Indeed, quantification of sus transcript from both wild-type and SusD* expressing cells exposed to various concentrations of maltooligosaccharides revealed that the SusD* cells required 100-to 1000-fold higher concentrations of glycan than wild-type cells to achieve wild-type transcriptional activation. The role of SusD in sugar sensing is likely indirect; we speculate that starch/maltooligosaccharide binding by SusD enhances the rate of import through SusC, leading to an accumulation of sugar in the periplasm that is sensed by SusR resulting in sus transcriptional activation. These data from the SusD* growth experiments support a role for SusD in starch utilization that hinges upon its interaction with SusC. The physical presence of SusD may help stabilize SusC, or otherwise permit the assembly of a larger complex containing the rest of the Sus proteins.
Unlike SusD, starch-binding by SusEF does not contribute to a-glucan sensing by inducing sus expression, although the sus transcriptional response is somewhat diminished when a deletion of both SusEF from the cell surface is combined with mutations in either the SusG SBS (DsusG SURF ) or CBM58 (DsusG-CBM58) [70] . Rather, SusEF influence the growth of B. thetaiotaomicron in a substrate-dependent manner. Growth on high molecular weight, highly branched maize amylopectin is impeded in cells with a combined deletion in SusEF and one of the SusG starch-binding sites [70] ; this growth defect was not observed on potato starch that has a lower molecular Glc designates the glucose monomer within a maltooligosaccharide, numbered 1-4 from the non-reducing end of sugar. Bold residues denote the aromatic platform, and all other residues are involved in hydrogen-bonding with the glucose hydroxyl groups a Average K d for a-cyclodextrin (aCD), maltoheptaose (M7), and glucosyl-a(1,6)-maltotriosyl-a(1,6)-maltotriose for each domain as reported in Cameron et al. [75] weight. This observation lead to the hypothesis that the multiple starch-binding sites of SusEFG aid in acquiring high molecular weight starch species through the thick capsule layer of B. thetaiotaomicron. Like most human gut-adapted Bacteroides species, B. thetaiotaomicron produces a polysaccharide capsule several hundred nanometers thick [81] , which likely protects the cell from the host immune response, but could impose a diffusion barrier to nutrients that must reach the cell surface. While the Sus proteins do not protrude above the capsule layer, they seem to aid in the capture of starch through this extracellular matrix, as a DsusEFG SURF or DsusEFG-CBM58 mutant in an acapsular strain of B. thetaiotaomicron does not display a growth defect on maize amylopectin [70] .
The specialized roles of SusDEFG in starch utilization are apparent in vivo as well. To test how the individual Sus proteins adapt the cell to scavenge starch in the host intestinal tract, germ-free mice were co-colonized with wild-type, DsusC, and either DsusD::susD*, or DsusEFG SURF B. thetaiotaomicron [70] . Mice were fed a diet high in resistant starch and additionally colonized with or without Ruminococcus bromii, a resistant starch-degrading species that may cross-feed maltooligosaccharides to B. thetaiotaomicron [7, 63] . The DsusC and DsusD::-susD* mutants were outcompeted by the wild-type strain in the presence or absence of R. bromii. Interesting, the DsusEFG SURF mutant fared as well as wild-type B. thetaiotaomicron when R. bromii was absent, but was quickly outcompeted when R. bromii was also present. Here, R. bromii may increase the abundance of larger maltooligosaccharides that require further processing prior to transport. These data suggest that B. thetaiotaomicron's multiple starch-binding sites have evolved to optimize nutrient acquisition within the competitive polymicrobial environment of the colon.
The Sus complex dynamically assembles in the presence of starch
The observed cooperation between starch-binding sites during starch degradation and import implies that the Sus proteins are working closely together to optimize starch utilization. Salyers and colleagues demonstrated that SusCD interact, and that SusE may also interact with this complex [27] . Additionally, both SusEF are less sensitive to proteolytic degradation when expressed together on the cell surface, suggestive of complex formation [27] . In the Bacteroidetes Capnocytophaga canimorsus, affinity purification of the SusC-like transporter GpdC, required for host N-glycan utilization, resulted in the co-purification of the SusD-like protein GpdD, the surface glycosylase GpdG, and a periplasmic sialidase [79] . This suggests that interactions among Sus-like proteins may be conserved across different glycan utilization systems within the Bacteroidetes. However, the nature of these protein-protein interactions has not been defined.
The dynamic movement of SusG on the cell surface has been captured by single-molecule fluorescence imaging in live B. thetaiotaomicron [80] . In these experiments, a mutant of SusG was created by replacing the CBM58 with a HaloTag (HT) protein, which was fluorescently labeled by the dye tetramethyl rhodamine [82, 83] . We tracked the diffusion of this tagged SusG (SusG-HT) in live B. thetaiotaomicron cells in the presence of glucose and starch. Under all conditions, we observed both freely diffusing and slow-moving SusG-HT. We hypothesize that these slow-moving species occur due to the interaction of SusG with other Sus proteins. In addition, the net movement of SusG-HT decreased in the presence of amylopectin compared to glucose, likely due to the interaction of SusG-HT with the polymer. However, SusG-HT mobility in the presence of starch increased in both DsusD and DsusEF cells, presumably because SusG was not able to associate with these proteins [80] . We believe these data suggest that SusG dynamically associates with other Sus proteins, resulting in a slow-moving population of molecules, and that during growth on starch the polysaccharide may effectively ''crosslink'' the Sus proteins, promoting or stabilizing their interactions.
Summary and working model
The starch utilization system of B. thetaiotaomicron is composed of eight genes, five of which encode proteins that localize to the outer membrane of the cell where starch is first encountered. These proteins collectively bind and degrade large starch polysaccharides so that smaller oligosaccharides can be shuttled into the cell for further hydrolysis and energy harvest. Delineation of the biochemical and structural features of the individual Sus proteins has facilitated the development of a working model for how the Sus proteins, and likely homologous proteins from other Sus-like systems within the Bacteroidetes, interact to metabolize carbohydrate nutrition (Fig. 5 ). In this model, the SusCD proteins are key for initial starch sensing, and together promote the efficient uptake of maltooligosaccharides. SusC and D likely interact frequently as the essential unit for glycan uptake, while the interactions of these proteins with SusEFG may be more dynamic. SusEF as well as the starch-binding sites within SusG support starch binding at the cell surface through the polysaccharide capsule. The redundancy of cell surface starch-binding sites likely enhances the capture of dietary starch, and maltooligosaccharides generated by other species in the gut. Finally, the dynamic assembly of the Sus proteins may enhance starch capture by allowing each protein additional degrees of freedom for optimal starch-binding.
The structure of the sus operon of B. thetaiotaomicron is not completely conserved as there are several variations of predicted starch-targeting PULs among other well-studied Bacteroides species (Fig. 6) . In particular, the number of SusE/F homologs, and conservation of the SusG protein varies extensively. For example, Bacteroides fragilis encodes one SusE, and a SusG homolog, both of which are longer than their homologs in B. thetaiotaomicron, and have limited identity over the length of the polypeptide. In addition, many predicted Sus PULs do not include obvious susA or susB genes within the same operon. How these variations in operon structure, protein sequence (and hence structure) affect starch utilization in these organisms is unknown. However, this comparison highlights that the proteins encoded by the susC and susD genes are the most well conserved, underscoring their central function in glycan uptake.
The Sus is a model system for glycan uptake by mammalian gut Bacteroidetes, and the repertoire of Sus-like systems encoded within the genomes of these organisms dictates their glycan utilization profile [40, 84] . As the field moves toward a molecular-level understanding of the organization and function of other Sus-like systems, we will see how this basic paradigm as outlined for the Sus of B. thetaiotaomicron has been adapted for the capture of diverse glycans from the gut environment. Fig. 6 Sus operon structure across Bacteroides species. Selected sus operons from the type strains of several human gut Bacteroides species are displayed, identified via conservation of the operon structure surrounding a susG homolog. Numbers displayed above each gene indicate the percent identity of the encoded protein and in parentheses the percent coverage of the match to the homologous protein from B. thetaiotaomicron. For example, 63 % (100 %) above the susC homolog from B. ovatus indicates that the SusC homolog from B. ovatus is 63 % identical to the B. thetaiotaomicron SusC and that this match covers 100 % of the protein sequence
